The most common genetic cause of permanent neonatal diabetes mellitus is activating mutations in KCNJ11, which can usually be treated using oral sulfonylureas (SUs) instead of insulin injections, although some mutations are SU unresponsive. In this work, we provide a report of the pancreatic islet endocrine cell composition and area in a patient with an SU-unresponsive KCNJ11 mutation (p.G334D), in comparison with age-matched controls.
A ctivating mutations in the genes (KCNJ11 and ABCC8) encoding the adenosine triphosphatesensitive potassium (K ATP ) channel are the most common causes of permanent neonatal diabetes (1) . Most of these patients can be successfully treated with high doses of oral sulfonylureas (SUs) that close K ATP channels and restore insulin secretion. However, rare mutations are SU unresponsive, and these patients require lifelong exogenous insulin injections. It has not previously been possible to study the structure of the pancreatic islets and b-cells in patients with KCNJ11-related diabetes. It has thus been unclear whether b-cells that are incapable of insulin secretion continue to synthesize insulin and what might be the fate and distribution of such cells. In this study, we report islet cell composition in the first autopsy case of a patient with SU-unresponsive KCNJ11-related diabetes in comparison with 13 age-matched control specimens.
Subjects and Methods
A full-term female baby presented at 4 days of life due to poor feeding and was found to have diabetes. C-peptide was ,0.05 ng/mL, and genetic testing revealed the strongly activating p.G334D mutation in KCNJ11. The only other reported case with this mutation was nonambulatory and nonverbal at 13 years old and was SU unresponsive (2). Our patient was treated with insulin therapy (1.0 to 1.6 U/kg/d) from diagnosis until her death with reasonable glycemic control (HbA1c , 8.0%). She was enrolled in the Institutional Review Board-approved Monogenic Diabetes Registry through which detailed longitudinal clinical information is collected (3). She exhibited severe global developmental delay and was started on glyburide at 2 months of age. Despite no reduction of exogenous insulin requirements, she was initially continued on SU therapy because of theoretical potential improvement in her neurodevelopmental outcome, but this was discontinued by 22 months. Mixed meal tests performed at 8 months before/after 5 days of treatment with high-dose glyburide (1.8 mg/kg/d) revealed barely detectable C-peptides at 180 minutes both before and after glyburide (0.034 and 0.04 nmol/mL; assay limit 0.0331). She had been making slow developmental progress, including being able to stand on her own. At 24 months of age, she was found unresponsive during a nap (glucose level 220 mg/dL), and death was presumed due to central hypoventilation (previously demonstrated by polysomnography). With permission from the family, the patient's body was preserved by the medical examiner at 4°C until postmortem examination approximately 60 hours following her death. The pancreas was fixed in formalin and had a total weight of 20 g, which is within expectations for age based on imaging studies of pancreas volume (4, 5) .
Paraffin-embedded sections (5 mm) of the patient and 13 control subjects [7 males and 6 females, age range 16 to 28 months (average 22.4 6 1.0 months) (Supplemental Table 1 ) obtained from the Biospecimen Bank and exempted from review by the Institutional Review Board at the University of Chicago] were stained with the indicated antibodies (Supplemental Table 2). Supplemental Table 1 includes all available information about the control samples, including clinical details, cause of death, and postmortem time, but information regarding the region of the pancreas from which each sample was taken is unfortunately not available.
Microscopic images were taken with an Olympus IX8 DSU spinning disk confocal microscope (Melville, NY) with imaging software StereoInvestigator (MicroBrightField, Williston, VT). Quantification of cellular composition of each islet and islet cell area was carried out using a macro custom written for Fiji/ ImageJ (http://rsbweb.nih.gov/ij/) (6) . MATLAB (MathWorks, Natick, MA) was used for mathematical analyses.
For electron microscopic (EM) analysis, tissue was fixed with 4% paraformaldehyde and 0.02% glutaraldehyde in 0.1 M cacodylate buffer (pH 7.4) and embedded in resin. Ultrathin sections (80 nm) were stained with uranyl acetate and lead citrate. Images were taken using a Tecnai F30 microscope (FEI, Hillsboro, OR).
Results
The pancreas from the KCNJ11-related diabetes patient was divided into 11 blocks; sections from each block were stained for insulin (b-cells), glucagon (a-cells), somatostatin (d-cells), and nuclei (4 0 ,6-diamidino-2-phenylindole); and images were captured for large-scale computer-assisted quantification of endocrine cell area. An adjacent section was stained for insulin, glucagon, pancreatic polypeptide (PP) cells, and nuclei. Despite the 60 hours that elapsed prior to autopsy, the pancreas was histologically preserved, with virtually all sections revealing parenchyma that was nonautolyzed.
The islets in the patient had a thick mantle of a-and d-cells but fewer b-cells in the core, whereas in control subjects the architecture was typical of large islets with mixed endocrine cell composition [ Fig. 1(A) ]. Insulin-, glucagon-, and somatostatin-positive cells were present in all regions (head, body, and tail) of the pancreas (Supplemental Fig. 1 ). PP cells were localized primarily to the head region, as noted in adults (6) . None of the cells that stained for insulin were observed to also stain for any of the other hormones (glucagon, somatostatin, or PP).
The fraction of pancreatic area comprised by the different endocrine cell types was averaged (based on the analysis of the 11 blocks in the patient) and compared with the averages of one section each from 13 age-matched controls [ Fig. 1(B) ; Supplemental Fig. 2 ; Supplemental Table 1 ]. The islet area in the patient was reduced by 39% compared with controls (1.70% 6 0.14% versus 2.80% 6 0.30%; P = 0.004). There was a 70% reduction in b-cell area compared with controls (0.50% 6 0.04% versus 1.67% 6 0.20%; P , 0.00001). There was no significant difference in a-or d-cell area between the patient and control samples (a-cells, 0.81% 6 0.10% versus 0.82% 6 0.12%, P = 0.96; d-cells, 0.42% 6 0.03% versus 0.34 6 0.08%, P = 0.38).
The contribution of large islets to the total endocrine cell area was reduced in the patient compared with the controls with large islets (.85 mm in diameter) comprising 40% of the total endocrine cell area in the patient and 70% in the controls (Supplemental Fig. 3) . A reduction in b-cells was observed in all islet size classes in the patient compared with the controls. Both the proportion and total number of Ki67-positive cells were reduced compared with controls (Supplemental Fig. 4) , in contrast to a reported increase in similarly aged children (7) .
Ultrastructural analysis revealed mostly normal features, with increased altered b-cell morphology, including immature granules (light dense core), empty granules, and reduced crystalline cores (Fig. 2) , in the patient compared with the control. In contrast to rodents, human insulin granules are present in various forms, including crystallines. The nuclei showed normal morphology in the patient and the control. Some b-cells from the patient showed dilated rough endoplasmic reticulum as well as partially degenerated mitochondrion, whereas no such structures were observed in the control [ Fig. 2(B) ]. We saw no evidence of apoptosis, such as aggregation of nuclear material or condensed chromatin.
Discussion
We report the histological analysis of a pancreas from a patient with KCNJ11-related diabetes and show that b-cells are still present but are substantially reduced in number compared with age-matched controls. Our results showing 70% decrease in b-cells are in agreement with two different mouse models of KCNJ11-related diabetes (8, 9 ) and a 3-week-old case with ABCC8-related diabetes (10) that reported a similar reduction in b-cells. We did not observe an increase in glucagon area as described in the ABCC8 patient. EM analysis suggested possible abnormalities of mitochondria and endoplasmic reticulum; however, despite the lack of tissue autolysis, we cannot definitively conclude whether these features are related to the postmortem time or represent KCNJ11 mutationrelated pathology, as study of more cases would be necessary. Similar to a mouse model of KCNJ11-related diabetes that used EM, we did not find evidence of apoptosis (8) .
This histopathological description of KCNJ11-related diabetes suggests an explanation for why some cases have been shown to be able to respond to SU therapy even after decades of exogenous insulin treatment (11) . Our study provides the fascinating insight that b-cells remain present, albeit at a reduced number, even in the unusual situation in which they are unable to secrete insulin. Some studies have suggested that hyperpolarization of b-cells with agents such as diazoxide (as opposed to the presumed chronic hyperpolarization in our case due to overactive K ATP channels) may protect islet cells from apoptosis (12) . It remains unclear to what extent the reduction in b-cell mass may result from increased b-cell death, reduced replication (as suggested from our reduced Ki67 staining), or reduced press.endocrine.org/journal/jcemintracellular insulin production in b-cells that may undergo dedifferentiation or transdifferentiation (13, 14) . , and reduced crystalline cores in the patient (white arrow) compared with the control. Note that nuclei showed normal morphology in both panels. (B) Endoplasmic reticulum and mitochondria structure in patient and control. A deteriorated b-cell contained several dilated rough endoplasmic reticulum (ER, red arrow) that were filled with flocculent material (presumably protein). One close to a nucleus (red arrowhead) appears to be directly attached to a perinuclear membrane and an underlying perinuclear space, likely to represent the conduit of protein production. A partially degenerated mitochondrion is seen in the patient (white arrowhead), whereas all mitochondria in the control appear normal (white arrowhead). (C) Pancreatic acinar tissue in patient and control. Zymogen granules (red arrow) appear normal in both patient and control.
